Laser cleaning is a promising surface preparation technique for applications in high value manufacturing industries. However, understanding the effects of laser processing parameters on various types of contaminants and substrates, is vital to achieve the required cleaning efficacy and quality. In this paper, a two-dimensional transient numerical simulation was carried out to study the material ablation characteristics and substrate thermal effects in laser cleaning of aerospace alloys. Element birth and death method was employed to track the contaminant removal on the surface of the material. The result shows that contaminant ablation increases with laser power and number of pulses. The finite element method (FEM) model is capable enough to predict the optimum number of pulses and laser power required to remove various contaminants. Based on the simulation results, the mechanism of the excimer laser cleaning is proposed. Thus, the use of numerical simulation can be faster and cheaper method of establishing the optimum laser cleaning window and reducing the number of experimental tests.
Introduction
Cleaning of aerospace components prior to diffusion bonding and electron beam welding is typically carried out using powerful chemicals such as hydrofluoric acid [1] . These techniques require operators to work around hazardous processes and the disposal of waste residues is difficult and expensive. Also, manual cleaning methods tend to be less consistent than automated solutions. To overcome the problems with existing cleaning methods, the use of laser irradiation to clean the material has been explored by many researchers [2] [3] [4] [5] [6] [7] . Laser cleaning processes have been found to offer advantages including process automation, remote control, high processing speed per component, dry and importantly, more environmentally friendly processing [1, 3, [7] [8] [9] .
During the laser cleaning processes, the thermal effects need to be confined within the contaminants layer [4, 5] . Thermal damage on 1 the base material can affect the performance of the component. Simulation of the laser cleaning process is therefore required not only to understand and control the cleaning process but also to predict the laser process parameters that will give required cleaning quality for different types of contaminants and substrates. Also, numerical simulations are expected to give a better understanding of the embedded phenomena and removal mechanism of the contaminants.
Mathematical models have been developed in the past to study the laser interaction and removal of contaminants during laser cleaning process. Most of these models are based on laser ablation of thick materials in the order of at least few micrometers. Song [10] developed a one-dimensional laser cleaning model based on heat conduction equations and showed that the laser cleaning force per unit area increases with increases in laser power and number of pulses. This model was focused primarily on removing particles from magnetic disk. Zhou [11] simulated the laser ablative cleaning of Zn-coated carbon steel using one-dimensional formulation. They formulated the relationship between laser power and ablation rate which was in good agreement with the experiment. A two layer (stainless steel substrate layer and oxide layer) based laser cleaning model was developed and validated by Furukawa [12] . They used one-dimensional formulation with melting and vaporization effects to find the ablation rates for various laser intensity and laser beam angles. A one-dimensional and two-dimensional model for laser ablative cleaning of copper oxide from pure copper substrate have been developed by Zhang [13] . They concluded that the results of the two-dimensional model was close to the experimental results and also showed that a minor increase of number of pulses than optimal values did damage the substrate. Tosto [14] described a three dimensional analytical model to find the ablation rate induced by laser irradiation. Oliveira [15, 16] formulated a two-dimensional FEM model based on pure conduction to study the vaporization effect of Al 2 O 3 -TiC by KrF and Nd:YAG laser irradiation. Furthermore, their model predicted very high temperatures on the material surface which results in high ablation rate. Mullenix and Povitsky [17] compared one and two-dimensional laser ablation models, in which the heat transfer mechanism within the target is modeled as conduction and the material removal is modeled as sublimation, with surface absorption of the laser. Numerical simulation on laser ablation of carbon and the effects of plasma plume shielding was studied extensively by Zinovik and Povitsky [18] . Sinha [19] used a twodimensional finite difference model based on conduction equations to find the temperature distribution, melt depth and evaporation rate for Nd:YAG laser ablation of fuel pellets. Khalil [20] presented a two-dimensional FEM model to simulate the pulsed laser ablation of stainless steel material.
Most of the models discussed in the past are based on fixed grid methods, in which there is limited chance to track the surface geometry changes as a result of laser ablation. In laser cleaning process the surface geometry changes with pulses and a robust model is still lacking to track the geometric variation or progress of the laser cleaning process. Also, the laser cleaning model should be capable of addressing the geometry and boundary nonlinearity's that happen during the transient laser cleaning processes.
The present study involves two-dimensional FEM modeling of the excimer laser cleaning of engineering materials with various contaminants for the investigation of the effects of laser parameters on cleaning efficacy and the ways of controlling thermal damages to the substrates. The numerical model corresponds to excimer laser cleaning process with pulse duration of 20 ns and beam size of 1 cm by 1 cm over the substrate. In the first part, thermal analysis of excimer laser cleaning over a flat plate with film contaminants is considered. In the second part of the study, laser cleaning of spherical particles was considered. The FEM analysis was carried out using ANSYS software. The experimental results obtained with a 248 nm excimer laser, was used to validate the FEM results obtained under similar processing parameters.
Finite Element Model
The target of laser ablation was represented by a mesh of finite elements that changes over time so as to simulate the transient thermal profiles and transient ablation characteristics. The finite element programming language ANSYS with user programming [21] was used to perform the analysis. The following are the specific assumptions considered in the current analysis:
(a) the excimer laser cleaning is performed at a relatively low power density [7] and frequency (maximum of 200 Hz), so the effects of plasma plume, gas dynamics and shock waves during laser irradiation process were insignificant [22] and assumed negligible in the model. (b) the size of the computational domain was designated to study the material removal characteristic at the ablated region and not to predict the bulk substrate temperature. (c) the removal of all the contaminant material is a consequence of vaporization due to high temperature [17] . (d) the mode of heat transfer inside the substrate and contaminant is through conduction [17, 23] . (e) at the substrate-contaminant interface, the laser beam was assumed to reflect and regarded as a surface source [4, 5] .
A pure thermal conduction model was reported to be applicable in laser irradiation if the pulse duration (p d ) is in the range of 10 À12 p d 10 À9 s [23] which is valid for the excimer laser ablation process. Previous experimental studies have also shown that at optimal ranges, the excimer laser cleaning process was primarily driven by thermal effects [24, 25] . Titanium alloy substrates, with four different contaminants that are commonly found in aerospace industrial environment were considered for this study. The material properties used for the substrate was adapted from Weast [26] and the material properties used for the contaminants is shown in Table 1 . The material properties for the contaminants (obtained from the manufacturer's data sheet), and the substrate [26] are listed in Table 1 and Table 2 . Figure 1 (a) shows the domain used in the modeling of thin film contaminant layer. To moderate the computational time, a reduced domain consisting of a small region (3 lm in height and 5 lm in length) was considered for the analysis. As the heat penetration depth into the titanium alloy with the excimer laser processing is only about 430 nm [27] , this smaller domain should be sufficient to capture the thermal effects at the vicinity of ablated region in excimer laser cleaning process. Also, adiabatic boundary condition was considered on the all three sides to simulate a semiinfinite condition. The contaminant layer was set as 300 nm thick on the titanium substrate. This was in line with the experimental Variable meshes, with very fine meshes at the contaminant and course meshes expanding gradually away from the top were used to obtain improved accuracy with the limited elements. The use of a thinner mesh in the upper part of the substrate allows a more precise estimation of the material removal. Figure 1 (b) shows a small portion of the finite element mesh (case-I) with 94,500 quadrilateral elements that was used for the FEM analysis. The latter part of the simulation (case-II) deals with the FEM analysis of laser cleaning of particles.
The transient thermal problem was solved by varying boundary conditions and time steps according to the laser pulse shape and number of pulses. The time steps are linked to each other by using the output of time step, ts, as the initial condition for time step (ts þ 1). The workpiece was initially set at a room temperature of 298 K. The pulse length (P L ) in excimer laser was 20 ns and the laser off time (T p ) between each pulse was calculated using Eq. (1)
The governing equations for two-dimensional transient heat conduction can be expressed by Eqs. (2) and (3) for the contaminants and the substrate, respectively: Contaminants
Substrate
Subscripts s and c represent the substrate and contaminants, respectively. The parameters n, T, t, k, q, c, S c and S s denote normal vector, temperature, time, thermal conductivity, density, specific heat, heat source absorbed by the contaminants and the heat source absorbed by the substrate. These heat sources are such that S c is applied on all the elements defining the contaminants while S s is applied only on those elements of the substrate that are in contact with the contaminants. For a laser peak power of, P and a Beer-Lambert absorption depth, d BL the respective definitions of these heat sources are given by Eqs. (4) and (5).
Thickness of first cell (5) R c and R s are the reflectivity of contaminates and source, respectively, which was experimentally estimated using an Ocean Optics SD2000 spectrometer. The reflectivity of substrate, yttria, magnesium oxide, silicone grease and hydraulic oil at the wavelength involved was found to be 0.45, 0.24, 0.26, 0.06, and 0.08, respectively. Showing the intensities of both heat sources to be a function of the parameter y, which represents distance measured from the surface of the contaminants to any depth in its thickness. For the contaminants the Beer-Lambert absorption depth, d BL was experimentally evaluated [5] and reported in Table 1 .
During the simulation, if the temperature of an element is higher than the melting temperature (Tm) at the end of a particular step, melting is assumed to have occurred and the latent heat of melting (Lm) is taken into account in the calculation. Similarly, material removal is assumed to occur when the temperature of the elements is higher than the decomposition/boiling temperatures of the material. The "element death" methodology (available in ANSYS) was used for simulating the material removal. Such an element was considered to be dead, with insignificant effect in subsequent analysis. The heat sources S c and S s are assumed to be a top-hat distribution and are applied as a volumetric heat source. The applied heat source region was not predetermined and was calculated by the program in a transient manner according to the shape of the ablated profile as elucidated in Fig. 2 . During the initial start of the simulation, the heat source is applied over the full region ( Fig. 2(a) ). As the simulation proceeds, due to the material removal the contaminants surface geometry changes, and subsequently, the laser beam heat source geometry also changes as shown in Fig. 2(b) . The initial conditions for the thermal analysis were taken as
Heat loss due to convection was considered in the top surface exposed to atmosphere as
Here T s , T 1 , and h denote cell temperature, ambient temperature, and heat transfer co-efficient, respectively. A heat transfer co-efficient [28] of 10 W/m 2 K was used in the FEM analysis. The procedure employed in this study for solving the heat transfer equations is given as a flow chart shown in Fig. 3 . As indicated in the flow chart, the simulation process occurs in four steps: The first step includes the model generation phase and specifying the respective boundary conditions. The second step corresponds to laser pulse interaction and material removal. Then, the third step is for the cooling phase during the time between two consecutive laser pulses and finally step four involves postprocessing of the results and generating the outputs results.
Results
The effect of laser peak power on the temperature changes and its subsequent material removal is shown in the Fig. 4 for the titanium alloy substrate and yttria (yttrium oxide) contaminants. Figure 4 is plotted at the end of 20th laser pulse (includes the laser off time between pulses) before the material cools down to room Transactions of the ASME temperature. As shown in the figure the minimum threshold required for effective removal of yttria is close to 30 MW and any laser peak power value less than this fails to create significant contaminant removal. Also noted from this figure is that with further increase in laser peak power (50 MW), the substrate material starts to ablate even with 20 number of pulses. Figure 5 shows the variation of maximum and minimum temperatures recorded on the substrate surface with Yttria as the contaminant layer. As noted from the figure, high peak temperatures are observed during the pulse-on period (20 ns) and the temperature drops drastically close to the ambient temperature before the start of the next laser pulse. The surface temperature keeps on increasing with the increase in the number of pulses per location irrespective of the laser power values. The accumulated bulk temperature (minimum temperature) for laser peak power of 20 MW is close to 850 K, whereas for a laser peak power of 40 MW it reaches up to 1100 K. This is a critical phenomenon to be noted, as high bulk temperature may cause thermal cracking and material oxidation of the substrate material. Although, the maximum temperature is high, due to the short interaction time (20 ns) the bulk material temperature has not increased significantly so as to cause any metallurgical changes. Figure 6 shows the variation of temperatures with depth and time for a laser peak power of 30 MW and magnesium oxide contaminants. With magnesium oxide contaminants, the temperature of the substrate material increases with an increase in the number of pulses and once the contaminants are fully removed there is a rapid reduction of temperature. This reduction is due to the immense change of material properties between the Ti alloy substrate and magnesium oxide contaminant, which eventually decreases the temperature for a small period and then again the substrate temperature increases with an increase in number of pulses. As indicated from Fig. 6 , the temperature in the bulk material drastically decreases with distance from the top. The thermal diffusion time of the substrate material is less than the excimer laser interaction time which restricts the accumulation of high temperatures in the bulk substrate material.
The variation of substrate surface temperature for 50 pulses for the removal of yttria is shown in Fig. 7 . As seen, the substrate temperature increases rapidly for the first few pulses, and then increases slowly with further increase in number of laser pulses. The initial increase in substrate temperature corresponds to the time required for the material temperature to reach quasi-steady state temperature. Another phenomenon observed is that the bulk temperature comes back to the ambient room temperature in less than one microsecond, which is attributed to the short pulse duration of the excimer laser. Figure 8 shows the contaminant removal characteristics and thermal profile for laser peak power of 15 MW and the number of pulse of 20. As seen from the figure, complete removal is noticed with hydraulic oil and grease contaminants, whereas there was no removal of yttria and magnesium oxide contaminants. The temperature produced for a laser peak power of 15 MW and 20 pulses is not sufficient to vaporize yttria and magnesium oxide contaminants. Also, in case of hydraulic oil removal, due to its low decomposition temperature, the contaminate absorbs heat from the substrate and decomposes even in regions where the laser heat source was not applied. As expected, at the end of 20 pulses the substrate temperature is higher for the substrate with hydrocarbon contaminants (hydraulic oil and grease), whereas the substrate with oxide contaminants shows lower temperatures, as most of the laser heat is used only to raise the temperatures of the contaminants. This is in line with the findings in Fig. 4 in which, a peak power of 40 MW is required to effectively remove yttria and magnesium oxide contaminants.
The effect of laser beam incident angle on the temperature characteristics on the substrate surface for laser peak power of 15 MW, 20 laser pulse and with hydraulic oil contaminant is shown in Fig. 9 . The change in laser beam angle changes the beam intensity distribution and size and eventually the number of pulse per position (when the beam is moving). With an increase in beam angle, the beam size over the substrate increases, this subsequently reduces the heat source intensity on the material. As seen from the Fig. 9 , with increase in laser beam angle the maximum surface temperature and the minimum bulk temperature reduce. This effect is found for laser beam angles more than 15 deg. Another fact is that the temperature produced with a high beam angle is sufficient to remove the hydrocarbon (hydraulic oil and grease) based contaminants, so increasing the beam angle, which subsequently increases the beam size, is an option to achieve high cleaning efficiency and for removal of contaminants over complex component geometry including slots and corners.
Laser Cleaning of Film Contaminant Layer With
Particles. In most industrial components, the contaminants are not only as a thin layer of film, but many particles are also found. The second part of the simulation is focused on laser cleaning of particles within the contaminant layer. Figure 10(a) shows the domain used for this analysis. The model consists of 3 lm height by 5 lm length titanium alloy substrate with 300 nm thick grease contaminant layer and 1.2 lm diameter yttria particle. A small portion of the mesh used for this analysis is shown in Fig. 10(b) . The FEM model is based on same two-dimensional formulation discussed in Sec. 2 of this paper. Figure 11 shows the temperature and ablation characteristics for various power levels and with 20 laser pulses over a grease contaminant layer and an yttria particle. As seen, the simulation shows a process of the ablation characteristic noticed in excimer laser cleaning. With 20 laser pulses, effective removal of grease flat layer contaminants is found for a peak power value higher than 15 MW. The ablation of yttria particles start with peak power of 30 MW and full removal is found only at a peak power of 50 MW for 20 pulses. Although full ablation of yttria particles is noticed for high peak power, it also ablates the titanium substrate as noticed from Fig. 11(d) . Figure 12 shows the effect of number of pulse on the ablation and thermal profiles. As seen, with a peak power of 30 MW the hydrocarbon based grease contaminants get removed even with ten laser pulses. Yttria particle starts to ablate after ten laser pulses and the complete 1.2 lm yttria particle is removed with 40 laser pulses and further increase in number of pulses starts to damage the substrate material.
Discussion
Laser cleaning of material can be defined as either the removal of particles or the removal of contaminant films from a solid surface [17] . The interaction of laser beam with materials is complex and an important phenomenon to be considered in any laser cleaning process. Typical mechanisms observed in laser cleaning of contaminants includes pure vaporization or decomposition [29] , explosive removal caused by pressure build-up at the filmsubstrate interface [30] and two-phase removal induced by partial film vaporization and subsequent liquid expulsion [31] . Also, for the excimer laser pulse duration of 15-22 ns, melting and vaporization are mentioned to dominate the removal mechanisms [32] . Transactions of the ASME Due to the low pulse duration of excimer laser, the commercially available temperature measuring devices cannot be used to obtain temperature information. The experimental validation is feasible only by comparing the surface ablation characteristic results obtained under similar process parameters. Typical industrial based components primarily have hydrocarbon (hydraulic oil, grease) based contaminants and a very low fraction of oxides (yttria and magnesium oxide). As the hydrocarbon based contaminates have low boiling or decomposition temperatures they follow a vaporization/decomposition based removal mechanism. As noticed from Figs. 4-9, the surface temperature recorded is always higher than the decomposition temperature of hydrocarbon based contaminates which confirms the vaporization/decomposition as the possible removal mechanism. As shown in Fig. 13 , the same phenomenon is found in the experimental observation as well. Figure 13(a) shows the sample before cleaning and Fig. 13(b) shows the same sample with cleaned surface for a laser peak power of 15 MW and 20 pulses. Furthermore, as seen in Fig. 7 , the heating time in the excimer laser processing was on the order of ns and at this time period there will be little time for phase transformation and vaporization/decomposition may dominate for hydrocarbon based contaminants. The simulation suggests that the oxide based contaminants follows two-phase removal including partial melting and vaporization. As elucidated in Fig. 4 , the top layer of the oxides gets ablated by vaporization but the surface temperature of the unablated oxides is higher than the melting temperature (2698 K) of yttria oxide. This suggests that the oxide layer removal mechanism follows partial melting and vaporization. Figures 11 and 12 show that the effective removal of the yttria contaminants and hydro carbon based contaminants can be achieved with a laser peak power of 30 MW and 40 laser pulses. This observation was confirmed and also found in experimental samples as shown in Fig. 14 . The SEM images in Figs. 14(a) and 14(b) show partial removal of yttria contaminate (at a peak power of 30 MW and 20 laser pulses) similar to the observation noticed in Fig. 12(b) , whereas Figs. 14(c) and 14(d) shows complete removal of yttria contaminant at a peak power of 30 MW and 40 laser pulses contaminate similar to the observation noticed in Fig. 12(c) . Figure 14 (e) shows the elemental energy-dispersive X-ray spectroscopy (EDAX) spectra of the particle (inside the box) found in Figs. 14(a)-14(c), which shows high peak of yttria and oxygen. Similar to the simulation results of Fig. 12(c) , the experimental observation at peak power of 30 MW and 40 laser pulses does not show any noticeable damage to the substrate. An increase in laser peak power and laser pulses (Figs. 11(d) and 12(d)) beyond the threshold range, results in melting and damage of the substrate material. Similar observations are noticed in the experimental results as shown in Fig. 15 . With higher laser peak power and number of pulses, the contaminants are removed and also the top surface layer of the substrate gets melted. Once the laser beam is off, due to the rapid cooling cycle, the molten layer solidifies rapidly and gives rise to thermal solidification cracks as observed in Fig. 15 . Figure 16 shows the surface topology and the depth profile along the laser cleaned interface obtained using a white light interferometer (0.1 nm maximum resolution). The contaminant layer is of grease and the excimer laser cleaning was performed with a laser peak power of 15 MW and with 20 pulses. The experimental depth profile noticed in the Fig. 12(b) is very close to the FEM results shown in Fig. 8(b) performed under similar parameters.
Although both laser peak power and number of pulse have significant effect on laser cleaning efficiency, the laser peak power seems to be more sensitive and more significant. An increase in number of pulse from 20 to 40 increases the bulk temperature gradually to some extent (less than 5% as seen from Fig. 8 ) but an increase in peak power from 20 MW to 40 MW increase the temperature substantially (more than 50% as seen from Fig. 6 ) above the damage threshold temperature of the titanium substrate.
The thermal result of this FEM analysis gives a good insight of the ways and means to control the thermal damage of the material. Another important aspect that needs to be considered in any thermal process is the residual thermal stress in the material, caused due to the rapid heat and cooling cycle. Laser irradiation can induce thermal stress [33, 34] on the material surface which can subsequently result in fatigue crack and other mechanical failures. To investigate the residual stress distribution in excimer laser cleaning process, a nonlinear thermostructural analysis was performed. The thermostructural analysis corresponds to the thermal analysis, with a peak power of 30 MW and number of pulse of 40 (Sec. 3.2; Fig. 12(c) ). The mesh geometry used for the thermostructural analysis is same as the one shown in Fig. 10 . The thermal element of the mesh shown in Fig. 10 is replaced with the structural element type so as to perform the thermostructural analysis. The transient thermostructural investigation makes use of the temperature history predicted by the thermal analysis. Each time step in the thermostructural analysis corresponds to the time step in thermal analysis. During the thermostructural analysis, stress results are passed from one time step to the next time step as an initial stress condition; thereby maintaining the transient effects. Two edges (side) of the model (Fig. 10) were constrained along X-direction. Figure 17 shows the von-misses stress distribution for peak power of 30 MW and for 40 pulses. This laser parameter seems to be the best combination of values as found from the thermal analysis. The plot in Fig. 16 shows only the substrates, as the contaminants have been ablated during the laser cleaning processing. As seen from the figure, the maximum stress distribution is found on the substrate surface just below the yttria particles. This is due to the enormous heat conducted from the yttria particle to the substrate. As the boiling temperature of the yttria particles is higher than substrate, yttria particles absorb enormous heat from the laser irradiation and conduct bulk of it to the substrate. The maximum stress distribution is close to 400 MPa which is less than half of the yield strength of the material, and another fact is that, noticeable stress distribution is found only in the first 0.1 lm from the surface which is of negligible thickness value compared to the thick bulk material. The microhardness of the material surface was experimentally evaluating using a Mitutoyo 5114 microhardness testing machine and shown in Fig. 18 . As can be noted from the figure, the laser cleaning process at best parameter does not change the surface hardness level. Change in surface hardness can be used as clear indication [35] of the surface stress. An insignificant change of surface hardness was found in the experimental samples is in line with the surface stress values observed in Fig. 17 .
Conclusions
The FEM model is capable of predicting the thermal profiles, ablation characteristic and stress distribution in excimer laser cleaning process. The thermal effect in the excimer laser processing (considering heating and cooling rates) on the substrate material is substantially low to create any thermal damages. The maximum stress distribution found on the substrate is substantially less than the yield stress of the material and it is found within negligible thickness from the substrate surface. The hydrocarbon based contaminants follow vaporization/decomposition dominated removal mechanism and the oxide based contaminates follow a partial melting and evaporation removal mechanism. The oxide based contaminates of 1.2 lm diameter required a minimum of 30 MW with 40 pulses to be fully removed. In excimer laser cleaning, laser peak power seems much more significant than the number of pulses.
